ABSTRACT
INTRODUCTION
In the ship design process design solutions complying both with economic criteria and technical constraints, are searched for. The economic criteria contain a set of ship owner's requirements to which can belong a.o. ship service speed of a significant impact on ship operation profitability on a given shipping route. As the ship is often operated in heavy weather conditions the reaching of its assumed service speed depends a.o. on its additional resistance in waves. And, for certain types of ships, e.g. passenger car ferries , their non-susceptibility to weather conditions, i.e. the so called good sea-keeping qualities, constitutes a more -and-more important technical limitation. The additional ship resistance in waves and good sea-keeping qualities are strongly dependent on ship's hull form and dimensions. Therefore modeling the ship qualities should be performed already in the preliminary ship design stage. Selection of a non-suitable hull form and dimensions of a ship irreversibly worsens its design merits and any change of dimensions of a built ship is economically unprofitable. In [1, 3] a method which makes it possible to take into account the ship sea-keeping qualities and additional ship resistance in waves in the phase of parametric design, is presented. As a result of the research, optimum values of ship dimensions and certain global coefficients characterizing hull form of a ro-ro ferry ship were determined. However the aim of the research presented in this paper was to model a geometrically described hull form and to determine an optimum hull form with regard Determination of optimum hull form for passenger car ferry with regard to its sea-keeping qualities and additional resistance in waves DESIGN 
TASK
In the research the following design tasks were formulated: to find such hull form of the ro-ro ferry, which minimizes values of the design criteria at fulfilled assumed constraints for the passenger car ferry sailing in heavy weather conditions.
In the design task the following were assumed:
ship design parameters describing its hull form, considered independent variables: 
METHOD
To solve the problem was elaborated a method consisted of the two phases: 1. On the basis of the list of similar ships -determination of alternative design variants and selection of the best one ( Fig. 1) 
Fig. 1. Algorithm showing the 1 st phase of the research
2. On the basis of the best hull form variant selected in the 1 st phase -selection of the optimum ratios of ferry ship dimensions (Fig. 2) . The assessment process of design variants carried out in both research phases was based on the below given design criteria.
DESIGN CRITERIA
One of the crucial design problems of ro-ro ferries is to ensure appropriate damage stability. The ship stability criteria being in force are rather far from taking into account the complex physical phenomena associated with ship hydromechanics, and they are based first of all on physical parameters calculated for a ship in still water conditions. Hence the application of design criteria inadequate to the conditions in which the ship operates does not ensure a sufficient level of safety. The IMO has initiated efforts aimed at undertaking a research on elaboration of new standards for ship stability assessment. One of the ways to solve the problem is elaboration of methods for investigating the intensity of ship rolling motion (e.g. [12] ) or probability of ship capsizing (e.g. [10] ). In the case of ro-ro ferry ships such investigations are aimed at elaboration and improvement of simulation models of sinking process of damaged ferry in given conditions (acc. [8] ). The example models are presented in [13, 15] . The above referred research makes it possible to simulate ferry sinking process however any design criteria have not yet evolved from that.
The design criteria assumed in this research are to an extent associated with the above mentioned reccomendations, as thy are based on statistical values of ship response in waves. For their formulation a method based on deterministic scenarios [16] , was used, hence the following scenarios were assumed:
Scenario no. 1: the design ferry sails with the speed v = 15 kn in the statistical heavy weather conditions (the significant wave height of 3 m , the characteristic wave period in the range from 3s to 18 s.), the ship encounters the wave from the most unfavourable directions. Scenario no. 2: the designed ferry is in the following damage state : its side plating amidships has been broken at the level of car deck, the disable ship is in the statistical heavy weather conditions (the significant wave height of 3 m, the characteristic wave period in the range from 3s to 18 s.), the ship heads the wave at the encounter angle β = 120° (where: 180° -head wave, 0° -following wave).
Such approach made it possible to formulate the following design criteria:
For Scenario no. 1: 1. As-small-as-possible value of the motion sickness index MSI (acc. ISO 2631/3), [9] for the wave encouter angle β = 120°2 . As-small-as-possible value of the additional ship resistance in waves R, for β = 180°3 . As -small-as-possible significant value of the roll angle φ , for β = 30°4 . As-small-as-possible value of the transverse accelerations at the car deck, a t , acc. [16] , in the point P2 in Fig. 3 , for β = 30°5 . As-small-as-possible value of the vertical accelerations at the car deck, a v , acc. [16] , in the point P2 in Fig. 3 .
For Scenario no. 2: 6. As-low-as-possible number of events of flooding the car deck in the place of broken side plating, L GW , for the wave ancounter angle β = 120°, in the point P1 in Fig. 3 .
Fulfilment of the criteria no. 1, 3, 5 ensures an appropriate voyage comfort for passengers , moreover the criterion no. 3 ensures safety of ship stability, resulting from a lower intesity of ship rolling motions. Fulfilment of the criterion no. 4 leads to a lower hazard due to possible shift of vehicles on the car deck. Fulfilment of the criterion no. 6 can lower a number of flooding events of the car deck due to broken side plating, and thus decrease mass of the water flooded on the deck , that can make sinking time of the ship longer. And, fulfilment of the criterion no. 2 can lower a decrease of ship speed in waves, and thus operational costs due to lower fuel consumption. 
THE 1 st PHASE OF THE RESEARCH
The 1 st phase of the research was aimed at the finding -on the basis of the list of alternative variants -a hull form of the best merits. In the investigations were used eight ro-ro ferries whose dimensions and hull forms are presented in Tab. 1 and Fig. 4 . For each of the design variants given in Tab. 1 statistical values of the assumed design criteria were calculated. The conventional ITTC wave spectrum was assumed. The calculations were carried out by means of the exact numerical methods included in the SEAWAY software based on the theory of two-dimensional flow. For calculation of hydrodynamic coefficients the Frank's method was applied [5] . The accuracy tests of the SEAWAY software, presented in [9] , have shown that its calculation accuracy is high. For calculations of the additional ship resistance in waves the Gerritsma-Beukelman method was used [6] .
Tab. 1. List of alternative design variants, V = 13723 m 3 , CB, L/B, B/d = var
To the investigations were applied such values of the design criteria which reached their maxima in the assumed statistical wave conditions (i.e. the significant wave height equal to 3 m, the characteristic wave period within the range from 3s to 18 s.). It enabled to eleminate influence of the wave parameters on ship responses and to lower the number of independent variables in the design task in question. The results of calculations are presented in Tab. 2. In the further part of the research the best design variant was selected with the use of a method based on fuzzy logic elements.
APPLICATION OF FUZZY LOGIC ELEMENTS TO SELECTION OF THE BEST DESIGN SOLUTION
Fuzzy logic finds its application wherever the use of classic logic creates a problem consisted in difficulty of mathematical description of a process or when to calculate or select variables for solving a problem is not possible. In the design problem in question fuzzy logic was used as an element which aids to assess quality of a design variant (of low, mean or high merits) and to decide on choice of the best design (of the best merits).
In the 1 st research phase the set of solutions given in Tab. 2 was fuzzyfied with the use of the attribution function decribed by the Eq. The graphical form of the function (1) as well as its liguistic interpretation is presented in Fig. 5 ; and, values of the coefficients α 1(i) , α 2(i) are given in Tab. 3.
Tab. 3.
Values of the coefficients α 1(i) and α 2(i) Fig. 6 it results that variant no. 8 is of the best merits. In the 1 st step a model set of design variants was elaborated and values of the design criteria were calculated. The same assumptions, calculation method and design criteria as in the 1 st phase, were used. The calculation results are presented in Tab. 5.
Variants µ(MSI) µ(φ) µ(a v ) µ(a t ) µ(R) µ(L GW ) MIN
Next, approximations of values of the dependent variables were elaborated depending on the independent variables. The approximations were obtained by means of the artificial neural networks of MLP type (Multi Layer Perceptron) and presented with the use of Eqs. (3), (4), (5), (6), (7) and (8) 
Tab. 5. The model set of independent variables and dependent ones assumed in the design task of CB = 0,64, CWL = 0,801, where: L -ship length, B -ship breadth, d -ship draught, MSI -motion sickness index, a t -transverse acceleration at the car deck, a v -vertical accelerations, φ -significant amplitude of ship rolling, R -additional ship resistance in waves, L GW -hourly number of car deck flooding events in the place of broken side plating

Variants
In Tab. 6. the above mentioned networks are described and their selected statistical parameters are given. From the data it results that the functions (3), (4), (5), (6), (7) and (8) In the further part of the research a hull form of the passenger car ferry was searched for with regard to the assumed criteria. To solve the problem the functions (2), (3), (4), (5), (6) and (7) were used.
In searching for a design solution which satisfies the assumed criteria the methods of one -criterial and multi-criterial optimization can be applied. However the main drawback of the methods is that they inform only where an optimum is located and they do not provide any information on a form of objective function, hence there is no certainty that the obtained solution is global optimum [4] . Number of possible combinations is relatively small as in the design task in question only two dependent variables of a rather small variability range appear. Therefore in order to determine an optimum solution the set of all possible design solutions was taken into account. For calculations the following increments of the design parameters were assumed: ∆L/B = 0.01 ∆B/d = 0.01
The calculation results were analyzed in the same way as in the 1 st phase of the research. To this end all design solutions were fuzzyfied by means of Eq. (1) and for their assessment the minimizing operator MIN acc. Eq. (2) The value of the t-norm MIN for the above given solutions is presented in Fig. 7 . Among them the design variant of L/B = 6.75 and B/d= 3.60 appears the best one. The optimum hull form of the ro-ro ferry is shown in Fig. 8 . To verify the result, values of the design criteria for the above given variant were determined (by using exact numerical methods) and then compared with the approximate ones. The results are shown in Tab. 7. 
CONCLUSIONS
In this paper a method which makes it possible to determine exact hull form of optimum ro-ro ferry with regard to many criteria, namely: motion sickness index rolling transverse accelerations at the car deck vertical accelerations water flooding onto the car deck in the place of broken side plating additional ship resistance in waves, has been presented.
The elaborated method is partly based on exact numerical calculations and partly on approximations obtained with the use of artificial neural networks. To assess the design merits the method based on deterministic scenarios was applied , and decision as to the choice of the best solution was based on fuzzy logic elements. It made it possible to present design merits in the form of liguistic variables and to find a design variant being a compromise between partial targets.
The optimum hull form of the ferry, resulting from the approximation , was verified by means of exact numerical methods. As results from Tab. 7 the elaborated approximations appear very accurate, that can speak for that the design in question posseses appropriate (compromise) merits with regard to all partial criteria.
The presented approximations may be used to design analyses (e.g. acc. [1] ) or as objective functions in other optimization methods of ship design parameters.
The presented approach, due to the fuzzy logic elements applied to the assessing of design variant merits, makes it possible to simplify a multi-criterial design problem to that one-criterial. In such case several partial criteria can be represented by a single criterion , e.g. the t -norm minimizing operator, and solutions for which it reaches maximum can be searched for. Such approach may be used a.o. in optimization methods based on genetic algorithms.
